We review recent research work on wireless communication in straight and curved tunnels. Modal theory of fields in a circular tunnel excited by a linear source is given in detail. Closed form expressions for the propagation parameters of the dominant modes in circular and rectangular straight tunnels in the high frequencies are derived. We present field measurements in tunnels and interpret them in terms of the mode theory. The main characteristics of the dominant modes in a curved tunnel are studied.
Introduction
Study of electromagnetic wave propagation within tunnels was driven in the early seventies by the need for communication among workers in mine tunnels and in road tunnels. Both leaky feeder communication and wireless communication were intensively studied. Recently, with the advancement of wireless communication, interest in free propagation of high frequency waves has been increasing. A typical straight tunnel with cross sectional linear dimensions of few meters can act as a waveguide to electromagnetic waves at UHF and the upper VHF bands; i.e. at wavelengths in the range of 10cm to about 2 meters. In this range, a tunnel is wide enough to support free propagation of electromagnetic waves. In addition, the tunnel wall acts as a good dielectric with small loss tangent. In this paper we review the recent work of Professor Dudley and his co-workers on modal propagation in tunnels of circular and rectangular cross sections and application to wireless communication. Effect of tunnel curvature on attenuation is also studied.
Circular Tunnel
A popular tunnel model is one with a circular cross section since it lends itself to a rigorous treatment. Recently Dudley [1] derived the fields excited by a coaxial loop source in a circular tunnel of radius 'a' in terms of a modal sum. In this case the modes exited are the TE 0m modes which are φ-independent. The longitudinal phase and attenuation factors are obtained in closed forms. Of particular interest is the Modal Attenuation Factor (MAF) in dB/100m which takes the form:
where (1) m x is the m th root of the Bessel function J 1 (x) and k 0 is the wavenumber.
The received field is the result of interference between modes of different orders. Characterization of field dependence on the axial distance has been given by Dudley and Pao [2] in near and far field ranges.
The case when the circular tunnel is exited by a transverse linear dipole at an arbitrary location in the cross section is treated by Dudley and Mahmoud [3] and reviewed by Dudley et al in [4] . In this case all types of modes are excited; namely TE 0m , TM 0m , HE nm , and EH nm modes. The excitation factor of each mode and its axial propagation factors are derived in terms of the tunnel and source parameters in [3] . The mode hybrid factor is defined and is used to distinguish between the various mode types [5, 6] . The MAF for the low order HE nm modes in the high frequency limit are derived and given by:
This agrees with results derived in earlier publications [e.g.5]. The least attenuated modes in a typical tunnel are the TE 01 followed by the HE 11 mode, which are the only modes that show up (if excited) at sufficiently far distances from the source. Numerical results will be given for the axial dependence of the received field along with necessary discussion.
Rectangular tunnel
Modal propagation in rectangular waveguides with imperfectly conducting walls is considered to be an intractable problem in waveguide theory as indicated by Wait many years ago [7] . In such waveguides, a natural mode does not take the form of a wave with a single transverse wavenumber as is the case with waveguides with perfectly reflecting walls. In contrast, a waveguide mode is generally composed of a weighted sum of elementary waves. However, simple, and sufficiently accurate modal solutions valid in the high frequency regime have been obtained by several authors [e.g. 5, 8] . The modes in a rectangular tunnel are hybrid modes although the longitudinal field components are one order of magnitude less than the transverse fields [5] . Closed form expressions for the modal attenuation and phase factors at sufficiently high frequencies are given in the literature. It is worth noting that like the circular tunnel, the attenuation factor of the dominant modes is inversely proportional to the frequency squared and the linear dimensions cubed in agreement with (2) above.
Experimental Measurements
Several measurements have been taken in real tunnels [e.g.9]. We present field measurements taken in November 2005 in the Massif Central tunnel in South Central France. The tunnel cross section is an incomplete circle with a planar base. The tunnel diameter is 8.6 meters and the base is 7.8 meters wide. The transmitting power is 34 dBm and the transmitting and receiving antennas are at the same height (2 m). Both antennas were placed at horizontal positions approximately one forth of the tunnel width. At 450 MHz, half wave vertical dipoles were used, while at 900 MHz, vertically polarized wide-band horn antennas with 7dBi gain were used.
The far zone received field is characterized by a rather smooth variation caused by the presence of only a few of the lowest order modes. We estimate the attenuation as 33 and 8.5 dB/km for 450 and 900 MHz, respectively. We also note a pseudo-periodicity in the far zone of 240 m and 486 m at 450 and 900 MHz, respectively. To explain the measurements, we have made an approximation to the cross-section by fitting an equal area rectangular tunnel. This rectangle is 7.8 m wide and 5.3 m high. We calculate the attenuation for the dominant mode to be 34.4 and 8.6 dB/km for 450 and 900 MHz, respectively, which is in excellent agreement with the measurements. An examination of the interference pattern in the far zone for both 450 and 900 MHz leads us to postulate that the field consists primarily of an interaction between the two lowest order modes, which are 
Curved Tunnel
Modal propagation in a curved rectangular tunnel has been considered many years ago by Mahmoud and Wait [10] among others and more recently by Mahmoud [6] . The model used is a rectangular tunnel (2ax2b) where the side walls are gently curved. The curved surfaces coincide with ρ=R-a and ρ=R+a in a cylindrical frame (ρ,φ,z ) with z parallel to the side walls where R is >>a. The analysis is made in the high frequency regime so that ka>>1. The modes are nearly TE or TM to z with horizontal or vertical polarization respectively. The modal equations for the lower order modes are derived in terms of the Airy functions and solved numerically for the propagation constant along the φ-direction. Numerical results are given in [6] and will be presented. It turns out that the horizontally polarized mode is much more attenuated by the tunnel curvature than the vertically polarized one.
The analysis and measurements presented in this work pave the way to explore wideband excitation and the possible advantages of exciting with multiple-input, multiple-output (MIMO) [e.g. [11] [12] .
